The organization of complex societies requires constant information flow between individuals. The shape of the food web organizes itself according to the spatial distribution of the individuals and of the stocks. To understand how the spatial organization of the food stocks changes with the colony needs, we monitored the flow of radiolabeled sugar solution inside an ant nest at different degrees of starvation. The spatial dynamics of the food flow revealed stable patterns and fine-tuning regulation of the feeding process. The complex collective regulatory stock management task can be reproduced by a surprising simple model that integrates a positive and a negative feedback proportional to the number of ants that already received food. Spatial analysis of the food distribution showed that sucrose is heterogeneously stocked among individuals and also heterogeneously consumed. Furthermore, we observed a regular spatial structure, leading to centralization of the stocks: heavily loaded individuals being at the center of the cluster and weakly loaded individuals at its periphery. The centralization of both resources and information in self-organized systems might be a widespread phenomenon that deserves further studies.-Buffin, A., Goldman, S., Deneubourg, J. L. Collective regulatory stock management and spatiotemporal dynamics of the food flow in ants. FASEB J. 26, 2725-2733 (2012). www.fasebj.org
ent availability. In turn, these also shape food management (1) (2) (3) (4) (5) (6) . A constant flow of information is necessary to regulate foraging activity and food intake (7) (8) (9) . In social insects, the communication of the nutritional needs is said to function as a chain of demand where the hunger of larvae and nurses climbs up a chain of workers until it reaches the foragers. Driven by their own hunger, foragers leave the nest to harvest (10 -13) . Food brought back by foragers is distributed to domestic workers, queens, and larvae according to their needs (14 -19) . The shape of the food distribution and inherent information flow depend on the spatial organization of the individuals and the food stores.
In honeybees, nutrients are stored in combs. The organization of the combs is such that it facilitates the access of individuals to nutrients (20, 21) . Pollen combs surround larvae that need a protein-rich diet for their development, whereas honey combs are at the periphery, easily accessible to the majority of the workers that use honey as their main energetic source.
In ants, paths taken by the harvested food and the food stocks are more difficult to study because many ant species that feed on liquid food store their harvest inside their crop (22) (23) (24) . The harvest is shared via mouth-to-mouth exchange (trophallaxis): the food propagates through a cascade of exchanges. Each worker keeps part of its crop content and gives part of it to begging nest-mates. The proportion of donor and receiver ants coupled with the amount of food exchanged shape the feeding and storing processes that are at work in a colony (16 -18, 25-27) .
The available food rarely matches the needs of the organism, be it in quantity or in proportion of nutrients necessary to live and reproduce. A variety of food items in adequate quantities have to be harvested for the nutritional needs of the whole colony to be fulfilled (5, 11, 28) . In addition to this nutritional challenge, the colony's survival depends on its capacity to prevent food shortage and build up food stores when food is abundant.
Abbreviations: ␣, surface growth independent of the surface (foragers directly feeding domestics); ␤, surface increase due to recruitment and domestic-to-domestic trophallaxis; ⌬S, difference in radioactive surface between 2 successive images, AI, aggregation index; A(t), activity or sum of pixels that change radioactive state; d, distance from center of mass; I cm , radioactivity of center of mass; I(d), mean pixel radioactivity as function of distance from center of mass; m, decrease in pixel density relative to increase in distance from center of mass; p, probability for a pixel to change frames per 30 s; S, radioactive surface (pixels) at time t; S max , radioactive surface (pixels) at end of experiment (tϭ3 h); T half , time for colony to harvest enough radioactivity to cover 50% of final radioactive surface; Z, total surface of nest (529 pixels)
In social insects, the spatiotemporal patterns of food exchange and the resulting food stores result from the individual capacity to stock and to give according to caste and nutrient characteristics (20, 29) . So far, no study has approached the fine quantitative spatial food distribution among workers that could lead to a complete understanding of how the stocks are organized and how they can influence the foraging activity and the intranidal food flow. The colony can be considered as a reservoir that fills up as food enters the nest. The food present inside the nest initially acts as positive feedback via the recruitment process (20, 30 -32) . As the colony fills up, it acts as negative feedback that slows down the entering food flow, as fewer ants are available for additional food to be stocked (33) .
In this study, we investigated how food stores are organized at the spatial level and how they evolve as more food enters the nest of the ant Formica fusca L. We investigated the food flow regulation and the stock building structure robustness, according to the nutrient needs of the colonies. We performed the experiments on nests of F. fusca that underwent different degrees of starvation (1 and 4 d). To characterize the spatiotemporal dynamics of the food sharing network, we used scintigaphy (33), a medical imagery technique, which permits one to monitor radiolabeled sugar solution inside the nest without disturbing the workers' behavior.
MATERIALS AND METHODS

Biological model
Formica fusca L. is a widespread species in Palearctic regions present in a large number of habitats, e.g., meadows, forests, and urban areas. Colonies number between 500 and 2000 workers and are weakly polygynous (34) . Workers measure from 4.5 to 7.5 mm; castes are temporal (age-based), which implies that young workers mostly perform tasks inside the nest (cleaning and brood care), whereas older workers perform tasks outside the nest (foraging and defense; ref. 35) . F. fusca has an opportunistic diet and exploits honeydew produced by aphids (36) . As a polydomous species, the colony occupies at least two spatially separated nests (37) . On the field, F. fusca nests are composed of pouches that contain from 50 to 500 workers, some containing brood and queens (unpublished results).
Collections
Eight colonies were collected in August 2009 in Villers-la-Ville (Belgium). From these mother colonies, we formed 8 groups of 200 randomly chosen workers. Each group was used 4 times (nϭ16). There are only 15 replicates in total for the 4 d of starvation condition, as ants escaped the experimental setup once.
Experimental nests
Groups of 200 randomly chosen workers were housed in Plexiglas nests. The nest area was covered with a red filter (Rosco color filter, e-color no. 19: Fire, blocks 80% of wavelength Ͼ600 nm; Roscolab Ltd., London, UK). The inner surface of the nest measured 10 ϫ 10 cm and had a height of 2 mm. This height was sufficient for workers to move freely, while hindering the formation of multilayered aggregates. A thin gypsum layer cast at one end of the nest was watered daily to keep the nest moist. The gallery leading to the food source was 3 cm high and 20 cm long. Its inner walls were coated with Teflon suspension to prevent foragers from escaping. Groups and mother colonies were maintained in the laboratory at 23 Ϯ 2°C, with a 12-h photoperiod. Food supplies were available ad libitum; 1 M sucrose solution and a half mealworm (ϳ100 mg, Tenebrio molitor) 2ϫ/wk. At 1 d (24 h) or 4 d (96 h) prior to the experiment, food was removed, and ants only had access to water.
Food source and scintigraphy
To monitor the food flow inside the nest, we used a medical imagery technique, scintigraphy, which permits spatiotemporal monitoring of radiolabeled food. A radioactive marker ( 99m Tc) was mixed with a 0.5 M sucrose solution supplied to the ants. Radioactivity of the 2-ml sucrose solution was 74 MBq (2 mCi) at the beginning of the experiment.
99m Tc has a half-life of 6.01 h, and its energy peak is at 140 keV (98.6% of the emitted ␥-rays). The energy window that we chose was Ϯ10% centered on 140 keV (126 -154 keV). To measure the total harvest, we corrected the radioactivity recorded with the radioactive decay equation. No correction was made on the data used for spatial analysis (see below).
The ␥ camera measured the radioactivity within each surface element (pixel) according to its spatial coordinates (x, y) over time (Fig. 1) . One pixel corresponded to an area of 4.5 ϫ 4.5 mm. The nest (10ϫ10 cm) is covered by 529 pixels. The radioactivity being directly proportional to the volume of sugar solution, its spatial distribution corresponded to the distribution of food within the nest. Radioactivity was measured by the number of counts (number of ␥ photons) recorded for 30 s; 9 counts/30 s ϭ 1 mm 3 of 1 mCi/ml sucrose solution.
Monitoring of the radioactivity commenced when the labeled sucrose source was placed in the experimental setup at the end of the 20-cm-long foraging gallery. From then onward, the monitoring continued for 3 h.
During the 3 h of the experiment, no radioactive sugar solution was excreted on the nest substrate (see ref. 33 for details). Because of the short half-life of our radioactive marker 99m Tc (6.01 h) and the small quantities that we used, we recorded no residual ␥ emissions 1 wk after the experiment (delay between 2 experiments).
Spatial analysis
We analyzed the spatial distribution of the food inside the nest and its evolution in various ways. First, we looked at the dynamics of radioactive surface (S) growth. It gives the total number of pixels that presented radioactivity and is proportional to the number of ants that received food. An aggregate of 200 ants covers 377 pixels (33) . The size of an F. fusca worker corresponds on average to the size of 2 pixels. Spatially, it is difficult to correct the radioactivity with the radioactive decay, but at the spatial level, the radioactive decay does not result in the loss of data, as we observed no decrease of the radioactive surface once the plateau value was reached. As confirmation, the potential loss of spatial information can be calculated. For an ant that received radioactivity at the very beginning of the experiment to be radioactive until the end, it has to have ingested sufficient radioactive sucrose. An ant that emits 4 counts/30 s in the first frame still has a probability of 0.95 of emitting 1 count/30 s or more at the end of the 3 h of experiment (38) . It means that all ants that ingested Ն0.6 mm 3 (at tϭ0) were recorded as radioactive until the last frame. As a measure of comparison, a loaded returning forager ingests ϳ7 mm 3 of 0.5 M sucrose solution. So, individuals that received 9% of the forager-ingested volume are recorded as radioactive until the end of the experiment.
As an index for the speed of the surface filling, we calculated the half-filling time, that is, the time for a colony to harvest enough radioactive sucrose solution to fill 50% of the final radioactive surface (radioactive surface measured at 3 h).
Following this global dynamics view of the food-sharing process, we looked at the activity of the nest. The activity is the sum of pixels that changed state (i.e., nonradioactive pixels that became radioactive and radioactive pixels that became nonradioactive; see Eq. 3). This includes indistinctively the movement of individuals from one pixel to another and the movement of food via trophallaxis.
After characterization of the global activity of the colony, we looked at the food distribution among individuals. We analyzed the pixel radioactivity and calculated the corresponding frequency distribution. Going a step further into spatial analysis, we looked at the spatial distribution of these radioactive pixels and measured the level of aggregation of the food. We used the aggregation index (AI) defined by He et al. (39) . As stated by these researchers, "AI assumes that a class with the highest level of aggregation is comprised of pixels sharing the most possible edges (AIϭ1), while a class with pixels sharing no edge (completely disaggregated) has the lowest level of aggregation (AIϭ0)." Previous data (33) showed that in colonies starved for 7 d, 20% of the radioactive surface held 50% of the total radioactivity. Therefore, we also used AI to measure the level of aggregation of the most radioactive pixels. We did this by gradually increasing the radioactivity threshold value above which we took pixels into consideration and then calculating the AI for the surface that contained these highly radioactive pixels.
Finally, we analyzed the spatial distribution of the radioactivity around the center of mass of the radioactive surface. We calculated the center of mass taking into account the pixels radioactivity. The mean pixel density around this center of mass was calculated.
We measured the position shifts of the center of mass (distance between the center of mass at time t and the center of mass at time tϩ1) during the 3 h of the experiment.
These different indexes complete each other in describing the food aggregation inside the nest and how starvation alters it.
Statistical analysis
To test the influence of the degree of starvation on the different indices (the total radioactive surface, colony activity, aggregation index), we used nested ANOVA corrected with Satterthwaite approximation, as both starvation degrees have different number of replicates. When residuals did not pass the normality test (for fitting parameters from Eq. 1), we used the nonparametric nested ANOVA (39, 40) .
To test the power law distribution of the pixel radioactivity, we used the test described by Clauset et al. (41) . The choice of the power law to describe our data over the exponential comes from Akaike's information criteria, which favor the power law fitting in 27 experiments out of 31 (3 experiments in the 4 d of starvation condition, coming from different mother colonies, and 1 experiment in the 1 d of starvation condition). We chose to fit our data with the power law for practical reasons: to describe the heterogeneous food loads distribution among individuals and compare the distribution between conditions.
RESULTS
Radioactive surface
At the end of the experiment, the radioactive surfaces were normally distributed. The final surface covered by fed ants increased with the degree of starvation. The final radioactive surface was 174 Ϯ 43 and 259 Ϯ 89 pixels for colonies starved for 1 and 4 d, respectively (nested ANOVA differences between condition F 1,6 ϭ19.6, PϽ0.007; Fig. 2) . The growth dynamics of the radioactive surface according to time can be described with an equation similar to the one we used to describe the food flow (30), Eq. 1:
where S is the radioactive surface at time t, and S max is the radioactive surface measured at the plateau value.
The first term (␣ϩ␤S) quantifies the surface growth; ␣ represents the surface growth that is independent of the surface size and reflects foragers directly feeding domestics. A positive feedback (␤S) accelerates the surface growth: the more ants are fed, the faster the surface grows. This ␤S term integrates the increase of the surface growth through recruitment (harvested food brought back to the nest triggers new foragers to exploit the food source) and the feeding of domestics through secondary trophallaxis (i.e., freshly fed domestics feeding other domestics). The second term (S max ϪS) describes the negative feedback: the surface growth slows down proportionally with the size of radioactive surface. The negative feedback can be easily understood: incoming loaded foragers and fed domestics spend more time trying to find a nonfed receiver ant as more ants are already fed. If a loaded forager cannot find a receiver, it remains inside the nest (13) . Integration of Eq. 1 gives Eq. 2, the evolution of the surface according to time:
We added the term ␦ for the background noise, that is, the radioactive surface at t ϭ 0, when no radioactive sugar solution had yet been harvested. The noise was constant for all experiments and was ϳ50 pixels To have a better idea of the speed of the surfacefilling process, we calculated the half-filling time (T half ), that is, the time it takes the colony to harvest enough radioactivity to cover 50% of the final radioactive surface. From Eq. 1:
The
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Activity of the colony
The activity summed the increase of radioactive surface and ant movement inside the nest. We describe the surface activity as Eq. 4: Data values are given as means Ϯ sd; parameter values are given as means Ϯ sd obtained from fitting each replicate. ␤, surface increase due to recruitment and domestic-to-domestic trophallaxis; , surface with low radioactivity (pixels); , measure of heterogeneity of food load distribution (lower means higher heterogeneity); I cm , radioactivity of center of mass, m, decrease in pixel density relative to increase in distance from center of mass; k, distance at which the pixel density ϭ I cm /2. Final surfaces were tested using the unpaired t test; parameters were tested using the Mann-Whitney test. *P Ͻ 0.05. 
where I i,t is the radioactivity measured for pixel i at time t, and Z is the total number of pixels (here 529). Pixels with a radioactivity Ͼ 1 were given the value of 1. All empty pixels take the value of 0. The activity, as defined above, summed the pixels that change state between two images. After integrating the probability for ants to move to previously empty pixels and the probability for ants to move to previously occupied pixels (see Supplemental Fig. S2 for details) , we obtained a function that describes the activity of the colony as a function of the radioactive surface S, as shown in Eq. 5:
where p is the probability for a pixel to change state per 30 s, Z is the total surface of the nest (Zϭ529 pixels), and ⌬S is the difference of radioactive surface between 2 successive images due to an increase of the harvested radioactive sucrose or a spreading of the food in the colony. This equation correctly describes the surface activity for both conditions ( 
Distribution of food loads
To determine the food distribution inside the radioactive surface, we analyzed the distribution of pixel radioactivity. For both degrees of starvation, Ͻ30 min after starting the experiment, the distribution Table  1 ). Lower values imply that fewer pixels recorded extreme high radioactivity, which means that the food was more heterogeneously distributed in colonies that underwent longer periods of starvation. 
Aggregation of the stocks
The AI comes closer to 1 as the aggregation of the radioactive pixels increases. If the radioactive pixels are randomly distributed in a 23 ϫ 23 matrix, the AI increases linearly with the radioactive surface (AI calculated on randomly distributed pixels on a 23ϫ23 matrix, 5000 run; Fig. 5 ). AI measured for experimental radioactive surfaces was higher than the one obtained from randomly distributed pixels at the end of the experiment (No overlap of the 95% CI for both conditions). We can see that the same aggregation process was at work for both degrees of starvation as AI values overlapped. At the beginning of the experiments, the AI measured for the radioactive pixels does not differ from randomly distributed pixels. We could then conclude that the food aggregation of the pixels happens in a second step of the feeding process. This reasoning would ignore the fact that these pixels might be aggregated relative to the whole aggregate but are separated from each other and, therefore, lead to low AI values.
For both conditions, we calculated the AI of the last image taking only the most radioactive pixels into account, i.e., the pixels with a radioactivity above a certain threshold. By increasing the value of that threshold, we take into account a smaller number of pixels with higher radioactivity. To compare experiments, we normalized the pixel radioactivity values; we divided each pixel radioactivity by the total radioactivity recorded at that time for that nest. AI decreased with increasing threshold value (and decreasing surface) for both conditions. However, the AI calculated for the experimental radioactive pixels was consistently higher than for randomly distributed pixels, regardless of the threshold value (and its corresponding radioactive surface; see Fig. 5 ). This means that highly radioactive pixels were more aggregated.
Spatial food organization
To understand the aggregation of the highly radioactive pixels, we measured the distribution of the radioactivity around the center of mass. The radioactive sucrose is aggregated around the center of mass (Fig. 6A) . The mean pixel density I(d) (counts/30 s) decreased according to the distance d from the center of mass. Equation 7 correctly described the radioactive density around the center of mass (least-square fitting, for all replicates, for 1 d of starvation: r 2 Ͼ0.20 and 
where I cm is the radioactivity of the center of mass, k gives the distance at which pixel density is half that of the center of mass, and m describes how steeply the pixel density decreases as the distance from the center of mass increases. At the end of the experiment, the mean I cm increased with the degree of starvation, although it did not reach statistical difference (from 3.37 to 14.08, nonparametric nested ANOVA: We looked at the position of the center of mass to get a better idea of the possible position shifts of the aggregative pattern of the food. We looked at the evolution of the distance between centers of mass of successive images (time interval of 30 s). The centers of mass rapidly reached a stable position (Fig. 6B, C) . Small distances separating successive centers of mass can mean that the center of mass does not move or that it moves slowly in one direction. To test this, we increased the interval to 10 min (20 images 
DISCUSSION
The spatiotemporal dynamics of the food flow helped us understand the dynamics of the trophallaxis web and its organization. We challenged its robustness and efficiency by varying the degree of starvation of the colony. The coupling of a positive and a negative feedback, backbones of the regulation process, accurately described the growing number of fed ants for both degrees of starvation. However, a higher degree of starvation led to faster feeding of a greater number of individuals. The food was highly heterogeneously distributed and aggregated in a stable and structured pattern, with most of the food located at the center of the aggregate.
The speed of the feeding process was influenced by the degree of starvation, but our measure of the global activity of the colony, A(t), did not reflect the faster feeding observed in colonies that underwent a longer starvation period (4 d). To explain this lack of difference in colony activity ,we have to analyze the feeding process. Food can only flow inside the colony via food exchanges and ant movements. The mobility of the ants reflected by the colony global activity was not altered by the degree of starvation or the stage of foraging; the probability to move remained constant during the 3 h of experiment and similar for both degrees of starvation (probability to move was 0.2 per time frame of 30 s). Hungry workers that had not yet eaten radioactive food and were invisible to the ␥-ray camera could be partly responsible for the increased speed of surface filling in colonies with a higher degree of starvation, moving toward returning loaded foragers or freshly fed domestics. In addition to this, faster feeding of workers is probably due to short-distance moves and secondary trophallaxes: domestics that received food from a forager share it with domestic neighbors.
The radioactive surface covered by fed individuals can grow, thanks to foragers directly feeding domestics (␣) and fed domestics feeding other domestics (included with the recruitment in ␤). Only ␣ (Eq. 2) increased with the degree of starvation. For the harvested quantity, recruitment was not influenced by the degree of starvation (33) . Similarly, the ␤ parameter that integrated the recruitment process was not affected by the degree of starvation, either. This implies that primary trophallaxes between foragers and domestics are responsible for the faster food spreading inside the nest, and only the initial number of foragers varied with the degree of starvation. The food distribution among workers was assessed by characterizing the radioactivity of the pixels. The radioactivity distribution followed a power law for both conditions. This type of distribution means that the radioactive sugar solution is highly heterogeneously distributed among pixels: few pixels contain most of the food, while a large part of the pixels contain small amounts of food, regardless of the degree of starvation (1 and 4 d of starvation shown here and 7 d of starvation shown previously; ref. 33) . In colonies starved for 7 d, food stores were almost completely depleted (42) . The heterogeneous food distribution in these colonies shows that food is heterogeneously stored (33) . In colonies starved for 1 and 4 d, only part of the food was used, and still, the pixel radioactivity distribution followed a power law. If we assume that only the empty "spaces" are filled with freshly harvested food, then the distribution of the freshly harvested food will inform us on how the colony uses its food stores. Because the fresh food stores in partly emptied colonies are heterogeneous, we can assume that the use of the food stores is heterogeneous. For the first time, we are able to show that both the organization and the consumption of the stock are heterogeneous. From the caste organization in other ant species, we could link the food distribution to individualities and caste differences. The heterogeneity of the stocks is extreme in some ant species that have a replete caste, like the genus Myrmecocystus (43, 44) , and can also be found less evidently in other species, like Solenopsis invicta (45) and Pheidole pallidula (46) . On the contrary, the heterogeneous use of energy is something that has never been shown. We can suppose that individuals use their own supply and then solicit reserve ants for food. The differential use of energy according to the individual caste/activity level or simple individ-ual differences in behavior adds up to the differential use of the stocks.
Distribution of the pixel radioactivity, the aggregation of the stocks [measured on the basis of AI; ref. 47), and their distribution around the center of mass helped us to finely describe the structure of sugar solution distribution between individuals. We link this observation to the decrease in AI when the threshold increased, i.e., when we took only highly radioactive pixels into consideration. The AI remained more stable for 4 d of starvation experiments when we ignored small radioactivity values because fewer pixels have low radioactivity values for the 4 d starvation colonies. When AI decreased when taking into account highly radioactive pixels, the "bridge pixels" that link the highly radioactive pixels disappeared and left the radioactive peaks isolated. These bridge pixels held more radioactivity in the 4 d of starvation colonies and are only neglected if we consider higher values of threshold.
The high AI values and the pixel radioactive density around the center of mass of the radioactive surface demonstrated that highly radioactive pixels, or the reserve, were aggregated in the center of the radioactive surface. It is frequently mentioned that the brood acts as a food sink and stabilizes the aggregation of the ants in a specific location of the nest (48) . Therefore, it is fair to wonder how the food flowed into the center, although no brood was present. The centralization of the food within the aggregate probably started with the aggregation of ants, according to their caste (49 -52) . There are several examples in natural and human systems in which the interplay between aggregation mechanisms, competition for space, and the consequent modulation of behavior generates different patterns of aggregation/segregation (53, 54) . Such examples are described in cellular systems (55, 56) and urban systems (57) , but there are also artificial systems, such as a swarm of robots (58) . In our case, we observed the emergence of a spatial centralization of the reserves that suggests segregation: the heavily loaded individuals being at the center of the cluster and the weakly loaded individuals being at its periphery. In a homogeneous environment, domestics aggregate well, but low assembly is observed for the foragers (50) . Because of this, the system may evolve with central domestics and peripheral foragers. Now, the segregation of the two castes does not suffice to explain the aggregation of the food that we observed. Because of temporal polyethism, castes are continuous (59 -62) , and the propensity for ants to aggregate might thus also follow this rule of continuity: foragers (least aggregated) and domestics (most aggregated). In addition to this, we showed a continuous distribution of loads among workers. If the propensity to aggregate and the storing capacity are correlated, without the necessity of assuming any causal effect, we easily understand the emergence of the centralization of the food inside the aggregate.
The advantage of such a structure is that it may facilitate the mobilization of the least loaded ants that are at the periphery. Because of the centralization of the food stock, workers could have access to the nutritional information of the colony by a faster sampling rate once at the center of the aggregate. This benefit is increased if different nutrients are accumulated (20, 21) . Indeed, a reserve caste may then store a mix of all the nutrients and become a "supermarket" to which that workers have access. The mechanisms of aggregation previously described are able to regulate the number of "supermarkets" and their spatial distribution to optimize the access to the reserve (63) . Indeed, a unique cluster of reserve may be suboptimal for a large population, crowding effect could prevent workers to access the reserve.
The centralization of the information in self-organized systems discussed here is a widespread phenomenon in many living systems (64) that might be understudied. A better understanding of the optimal relation between level of centralization, efficiency of the system, and task to be performed is a challenging question covering many biological levels but also artificial systems.
